AbstraeL Real lasers show inuinsic noise well above the standard quantum noise limit. We review the propenies of lasers and of techniques to suppress this noise. Experimental results of elenroqxic feedback techniques and of squeezing in a sewnd harmonic genenuor are presented. pinally we show that the optimum light s o w e could well be a cascade of different cavities, each one performing a specific task in rhe noise suppression.
Introduction
The laser has been a revolutionary light source. It has provided access to the properties of light in an unprecedented way in regard to directionality, spectral purity, amplitude and phase accuracy.
The laser also revealed some of the limitations imposed by the quantum mechanical nature of the light, namely quantum noise in intensity and frequency which is a consequence of the uncertainty relationship. The consequences of quantum mechanics are noticeable in two technical limits: the intrinsic noise in intensity measurements, equivalent to shot noise [I] and the intrinsic noise in frequency measurements, expressed by the ShawlowTownes limit [2,3]. Real lasers, like those used in the experiments reported here, exhibit additional noise features. The combination of quantum and technical noise limits the sensitivity of optical measurements [4] .
In this paper we describe the results from our attempts to surpass the standard quantum limits in search of the optimum light source. This paper deals exclusively with intensity noise, which is directly detectable and provides the technical limit in direct modulation techniques. We show the progress which has been made in understanding real lasers; the coupling of lasers with other optical systems, also known as cascaded systems; the use of frequency doublers for the generation of bright squeezed light, noise filtering in passive cavities and finally a proposal for intensity amplification without a loss of squeezing. It will be shown that the best realization of an optimum light source might well be a cascade of several components, each responsible for one particular task.
Noise properties of a real laser
A real laser combines the interaction of an active medium in a resonator and a source of energy for exciting the atoms, known as the pump. The technical noise is created through variations in these components such as vibrations changing the length of the resonator, intensity fluctuations of the pump, pressure or density fluctuations in the active medium.
With sufficient experimental care these disturbances can be kept to a minimum and a laser emitting a single mode of light can be built. In our experiments we use NdYAG lasers, which presently provide the best combination of power and low noise performance [S. 61.
Any model of such a realistic laser involves the dynamics of a multi-level atom which in most cases is approximated by four levels, inside a cavity which is excited by the pump. We have to include the excitation and dephasing rates for the actual laser materials [7], in our case NdYAG.
The result of a theoretical model is the variance V(Q) of the amplitude quadrature of the quantum state generated by the laser. It is normalized to the quantum noise limit which is defined as the noise level of a coherent state. How does this relate to observations in an experiment? There the laser beam is converted by a photodetector into a photocurrent and the fluctuations of the current are analysed. The variance determined in the model is equivalent to the experimentally determined normalized noise power measured with an electsonic spectrum analyser at frequency a where n(Q) is the optical noise power in the detected signal, q is the efficiency of the detection system and n,jet(Q) is the electronic noise generated in the detector itself and is independent of incident intensity. nql is the optical noise power corresponding to the standard quantum limit, and can be calculated by using the shot-noise formula nql = 2eIB (2.2) where I is the average power, e the electric charge and B the detection bandwidth. One possible experimental test for this calibration is a comparison with the noise generated by a thermal white light source with the same intensity and filtered to the same colour as the laser [8] or alternatively by comparing the output from two different detectors illuminated by equal fractions of the light, as shown in figure 1. In the latter case we make use of the fact that technical noise in the two outputs coming from one beamsplitter is correlated while the quantum noise is not correlated. Consequently, the sum of the two photocurrents shows both quantum and technical noise, and also squeezing, whilst the difference shows only the quantum noise [9].
In figure 2 we see the results for the case of a solid state NdYAG cw laser operating well above threshold (Ppump = IOP,hr). The most noticeable feature is the resonant relaxation oscillation (RRO), a consequence of the interaction between the atoms in the cavity and the field building up within it. This leads to a pronounced noise maximum at the frequency [lo] the laser noise approaches the standard quantum limit. At these frequencies the output can be idealized as a coherent state [ 111. The laser operates much like an ideal quantum mechanical oscillator. For frequencies at and below the oscillation (Q -= Q R R O ) the laser noise is above the standard quantum limit. It reflects the noise of the pump source. Trace (a) shows the noise spectrum of a diode laser pumped monolithic NdYAG laser, operating 10 times above the threshold. The diode laser pump contains about 20 dB of techical noise. Also shown (trace (b)) is the theoretical prediction, using a four-level model, for the parameters of this laser. Note that the performance of the laser at frequencies well above RRRO is not influenced by the pump noise. An increase in the pump power (trace (c)) results in a shift of the relaxation frequency., The oscillation's peak is less pronounced and at a higher frequency. Trace (d) shows the noise spectrum predicted for the same condition as in trace (a) but with a quantum noise limited pump source. Several techniques have been found to improve the noise performance. It is possible to suppress the noise by pumping the laser with a pump source operating below the standard quantum noise limit (QNL), in particular when the pump is an electric current and not a beam of light [12]. For currents the QNL does not apply. Even some optically pumped lasers naturally run below the QNL when operated at extremely high pump powers [13] or when the rates of excitation and spontaneous emission are matched 114,151. In the latter case having the excitation rate similar to one or more of the spontaneous rates in the pumping process leads to a 'self-regularization' of the pumping process. An example of the predicted Frequency {MHz} noise spectrum for such a ratematched laser is shown in figure 3. In this case a fibre laser is modelled.
Electro-optic feedback
It is possible to reduce the relaxation oscillation noise using electro-optic feedback. For this purpose the fluctuations of the light are sampled using a beamsplitter. A fraction of the light is detected (figure 4) and the photocurrent from this detector is used to control either a modulator after the laser or the intensity of the pump. The remaining light transmitted by the beamsplitter is the useful output beam. Its properties can be determined with a second detector. Such a circuit, with a suitably designed feedback characteristic, will largely suppress classical fluctuations in the laser light. Figure 5 gives an example. The gain and phase of the feedback loop are shown in part (i) and (ii) of the figure. The measured noise level with and without the feedback is shown is part (iii). The details of actually building this feedback system and how to avoid time delays and phase lags are intricate and a skill by itself [16,17].
Electro-optic feedback with direct detection cannot suppress quantum noise. Thii is a consequence of the correlation properties of the two output beams of the beamsplitter. The quantum noise component of the noise is not correlated and thus cannot be controlled. The current from the detector inside the feedback loop will actually show fluctuations well below the standard quantum limit. This has caused considerable interest in the nature of the light illuminating this detector 118-211. This light is not a freely propagating wave of light. It is in a state which is conditional on the feedback loop. In a quantum mechanical description it does not satisfy the conventional commutation rule 1181. The sensible question to ask is whether this beam can be used to perform any measurement with a signal-to-noise ratio better than can be achieved with a quantum noise limited beam. The answer is a clear no since both the signal and the noise are equally affected by the feedback 122.1. All possible schemes using a beamsplitter will achieve, at best, the performance of a QNL system [24] . There is actually a penalty to be paid for the noise suppression: the feedback will increase the minimum achievable noise level, in particular when the feedback gain is high. The suppression of noise is limited to this increased level. This can be seen in part (iii) of figure 5 for frequencies below 0.3 MHz. Here the noise level after feedback is still about 6 dB above the standard quantum limit despite the perfectly well behaved control system. This penalty is a consequence of having detected only a quarter of the light for the feedback control and thereby imposing the uncorrelated quantum noise from the feedback detector onto the output beam 1221.
Improvements [33] . The system can be either singly resonant, for the fundamental wavelength, or it can involve a system which is simultaneously resonant for both the fundamental and the SHG light. In the latter case the squeezing effect is enhanced at certain frequencies determined by the instabilities and the dynamics of the doubly resonant system 1341. Either the fundamental or the SHG light can be squeezed, usually one particular system will be optimized for only one of the two beams. Real systems show significantly less noise suppression. In particular, the predicted squeezing at very low frequencies (Qmin = 0) is not observable when real lasers are used. Best squeezing will be close to the effective cavity linewidth of the external SHG cavity. It should be noted that the active systems are the simplest to build but the most unliiely systems to produce squeezing. The squeezing will not be observable in conventional active systems, because it will be eliminated by the dephasing rates. Only the doubly resonant active system for suppression of the second~hamnonic light shows some promise. However, squeezing would require extremely high pump powers, orders of magnitude larger than those obtainable today. Out of these options, passive frequency doublers with singly resonant cavities are so far the most reliable systems for noise suppression [31,32]. We report on experiments with this arrangement which is shown in figure 6 . The SHG material is MgO doped LiNb03 which is shaped into a monolith, this me& the crystal is also the resonator. pumped cw NdYAG laser operating at 1064 nm is locked to this resonator. The SHG has a conversion efficiency from 1064 nm to 532 nm of over 50%. The squeezed SHG light (532 nm) is separated with a dichroic mirror and is detected by a balanced pair of detectors.
Squeezing of intensity noise
The difference between the two photocurrents (minus trace) defines the standard quantum Noise spectra for second harmonic generation. l i t ; the sum of the currents (plus trace) shows both squeezing and classical noise. The technical difficulties are in maintaining the optimum phase matching temperature; mode matching of the laser into the SHG resonator and keeping the laser-resonator detuning fixed at the optimum level [32] . Figure 7 shows the results for a scan of the detection frequency. Trace (a) is the initial model calculations of the squeezing for a doubler illuminated by a coherent state [30] . The realistic values for the coupling and the cavity parameters are used. Trace (b) shows the experimental results. The agreement at large detection frequencies is reasonable, but the prediction of good noise suppression at low frequencies is clearly wrong. Here the noise properties of the real laser dominate. A second model, based on the formalism of cascaded systems [38, 39, 32] , was developed which simultaneously described the laser and the SHG resonator. It is shown in trace (c) and is in excellent agreement with the measured results. The model can be used to include a third, passive, empty cavity with moderate finesse and narrow linewidth which is placed between the laser and the SHG (see figure 6 ). This cavity acts as a spatial mode cleaner and, more importantly, as a low-pass filter for the laser noise. The low-frequency noise outside the modecleaner cavity linewidth is reflected. The mode cleaner has to be kept in lock with the laser frequency by feedback control. The prediction of this three-cavity model is shown in trace (d) of figure 7. The squeezing extends to lower frequencies and is larger. The corresponding experimental results are shown in trace (e). The agreement is excellent for frequencies above 11 MHz. Below this we clearly see Normalized Frequency yet another source of technical noise, most likely due to acoustic resonances in the SHG crystal.
Future options
As can be seen from this example, squeezing is already a useful tool. Given further technical improvements, we can expect noise suppression of more than 6 dB (fourfold) as shown in What is needed are techniques for modifying the intensity of the laser beam without losing the noise suppression. Conventional attenuation or amplification is useless, since it reduces the squeezing 142,431. For both these situations we have found theoretical solutions, which we wish to test in future experiments. For the attenuation we can use the electro-optic feedback with direct detection described above, but this time with a positive, rather than negative (stabilizing) feedback. The squeezed light can be interpreted as noise with negative correlations and the two output beams from the beamsplitter will maintain these correlations. Thus the feedback loop is able to either reduce or enhance this component of the noise in the ouput beam. For certain levels of positive feedback while the noise in the feedback loop is increased, mat in the output beam is reduced. In this manner it is possible to transfer most of the squeezing to the output beam, which has a reduced intensity [22] . Note resonator [44] . A detailed analysis of the fluctuations shows that for frequencies outside the cavity linewidth the reflected light will contain the fluctuations of the squeezed beam only while the average intensity is determined by the reflectivities of the mirrors and thus the transmission of the cavity. A new proposal is to place an amplifying medium inside the external resonator and to operate it as a laser. In this way the intensity of the squeezed light can be increased without changing the characteristic of the noise, for frequencies outside the cavity linewidth 1451. The external laser will have to be resonant with the input beam (detuning = 0) otherwise the quadrature of the input light will be modified.
Thii scheme works for light squeezed in any quadrature. Typical noise spectra for such an amplifier are shown in figure 8. Both input and output for a narrow linewidth laser amplifier are shown. The frequency is normalized to the laser amplifier cavity linewidth y . The input field is assumed to be broadband squeezed by 3 dB (twofold). The input is modulated at two frequencies. The output field has been amplified in intensity by 11 dB. At frequencies inside the laser amplifier linewidth squeezing is destroyed and the signal-to-noise ratio is reduced as predicted for standard linear amplifiers. However, well outside the laser cavity linewidth (12.5~) squeezing and signal-to-noise ratio are preserved. Based on these calculations we propose that an optimum light source can be built using the layout shown in figure 9 . It combines the laser with classical noise suppression, filtering by a modecleaner cavity, squeezing by a SHC and noiseless amplification. Other permutations of these components are feasible, the choice will depend on the specific application.
Summary
In summary, we show that we have made progress in the quest for a laser with intensity noise below the standard quantum limit. While at this stage the suppression is still moderate (only 2 dB inferred for the SHG squeezing) the systems are now reliable. We found that the use of cascaded systems allows us to explain the remaining noise and to partially suppress it. Cascaded systems can play a useful role in future. The best solution might well be a series of specialized systems, each performing one task, all cascaded to form the optimum light source.
